We present 16 GHz (1.9 cm) deep radio continuum observations made with the Arcminute Microkelvin Imager (AMI) of a sample of low-mass young stars driving jets. We combine these new data with archival information from an extensive literature search to examine spectral energy distributions (SEDs) for each source and calculate both the radio and sub-mm spectral indices in two different scenarios: (1) fixing the dust temperature (T d ) according to evolutionary class; (2) allowing T d to vary. We use the results of this analysis to place constraints on the physical mechanisms responsible for the radio emission. From AMI data alone, as well as from model fitting to the full SED in both scenarios, we find that 80 per cent of the objects in this sample have spectral indices consistent with free-free emission. We find an average spectral index in both T d scenarios, consistent with free-free emission. We examine correlations of the radio luminosity with bolometric luminosity, envelope mass, and outflow force and find that these data are consistent with the strong correlation with envelope mass seen in lower luminosity samples. We examine the errors associated with determining the radio luminosity and find that the dominant source of error is the uncertainty on the opacity index, β . We examine the SEDs for variability in these young objects, and find evidence for possible radio flare events in the histories of L1551 IRS 5 and Serpens SMM 1.
INTRODUCTION
Young stellar objects (YSOs) are divided into a number of evolutionary classes. Class 0 protostars represent the youngest phase of bedded in an optically thick disc and enters the pre-main-sequence (PMS) stage of evolution. Embedded YSOs are often found to have partially ionised and collimated outflows/jets driven by the accretion from their envelopes, and are detectable from molecular gas tracers such as CO and by the shocks along the length of the outflows. The outflows driven by Class I protostars are less powerful than those of Class 0 due to a decline in the accretion rate (Bontemps et al. 1996) .
The target sample in this work is comprised of Class 0 and Class I protostars. Since the mass ratio M env > M * is not directly observable, André et al. (1993 André et al. ( , 2000 define the following observational properties required to identify an object as Class 0. The first is the detection of a compact centimetre radio continuum source, a collimated CO outflow, or an internal heating source as indirect evidence for a central YSO. These criteria distinguish the central object from a starless prestellar core. The second requirement is centrally peaked but extended submillimeter continuum emission tracing the presence of a spheroidal circumstellar dust envelope (as opposed to just a disc). The third is a high ratio of submillimeter to bolometric luminosity, corresponding to an envelope mass greater than the stellar mass. Class 0 spectral energy distributions (SEDs) are typically well characterized by single temperature blackbodies with 15 T d 30 K and where T d is the dust temperature. The second and third criteria differentiate Class 0 sources from the more evolved Class I and II objects. For further distinction, bolometric temperature is also used to characterise evolutionary class, where T bol < 70 K for Class 0 objects and 70 < T bol < 650 K for Class I (Chen et al. 1995) .
The radio counterpart at centimetre wavelengths for these low-mass young stars is detected almost certainly via thermal bremsstrahlung radiation. This "free-free"emission is typically observed to be compact and elongated along the outflow axis, leading to the designation of these sources as "'thermal radio jets"'(e.g. Rodríguez 1995) . Free-free emission at these wavelengths typically has a flat or positive power-law spectral index α, where the flux density S ν ∝ ν α at frequency ν. It has been shown that α = 0.6 for a standard conical jet, and α < 0.6 for an unresolved, partially opaque flow where the cross-sectional area grows more slowly than length (Reynolds 1986; Anglada et al. 1998) . However, in a number of cases non-thermal emission is also seen (e.g. Ray et al. 1997; Carkner et al. 1997; Feigelson et al. 1998; Carrasco-González et al. 2010a ). There are some objects that have yielded spectral indices too negative to be explained by free-free emission alone, such as the Serpens MMS 1 triple radio source (Rodríguez et al. 1989b; Curiel et al. 1993; AMI Consortium: Scaife et al. 2012b ), suggesting that non-thermal processes must contribute. The radio emission can also be attributed, at least at very short wavelengths, to the discs around these young stars (Rodríguez et al. 2008b ).
Here we present 16 GHz observations of a sample of classic low-mass young stars driving outflows. These sources are selected to match the target sample for the e-MERLIN (extended MultiElement Radio Linked Interferometer Network) legacy project at 5 GHz on the morphology and time evolution of thermal jets associated with low-mass young stars (P.I. Rodríguez). The high spatial resolution observations provided by the e-MERLIN programme will resolve out the larger scale emission from these objects and only detect the small-scale localized emission from the central source and shocks along the length of their collimated outflows. In contrast, the data presented here will not resolve the separate components of the radio emission but will measure the integrated radio emission from these objects. This total radio emission at 16 GHz from YSOs has been demonstrated to show clearly defined trends with the other global properties of these systems, such as bolometric luminosity, envelope mass, and outflow force (AMI Consortium: Scaife et al. 2011a Scaife et al. ,b, 2012b . If such free-free emission is to be reconciled with ionization mechanisms arising from the impact of the molecular outflow or protostellar jet/wind on its surroundings then it is vital to measure it in its entirety to determine quantitatively its physical correspondence to other global properties of the protostellar system, in much the same way that radio emission from massive young stellar objects can be used to infer the total ionizing flux of the central object and hence its spectral type. Such indirect measures of protostellar activity in the early embedded phase of YSO lifetimes may provide a window into the evolution of these objects, which is otherwise obscured.
In this paper we investigate the properties of the integrated radio emission from this sample of low-mass YSOs. In general, these new data confirm trends found in previous works and improve upon the statistics. We identify outliers which may provide useful targets for further study at high spatial resolution. We combine our results for the flux densities with those found in an extensive literature search to calculate the spectral indices at radio wavelengths, and which are overwhelmingly consistent with free-free emission as the mechanism for the radio emission.
The organization of this paper is as follows. In §2 we describe the sample of targets to be observed. In §3 we describe the AMI telescope, the observations, and the data reduction process. In §4 we comment on the results of the observations and §5 contains detailed notes on the individual fields. In §6 we discuss the detections and non-detections, the expected contamination from extragalactic sources, the spectral energy distributions, the radio spectral indices, the derivation of physical parameters, correlations between the radio luminosity and other global properties, and finally, evidence for variability. We make concluding remarks in §7.
THE SAMPLE
This study targets eleven YSOs driving known outflows. The coordinates of each of these objects are listed in Columns [3] and [4] of Table 1 along with their identifier. We follow the classification scheme described in Hatchell et al. (2007b) for Class 0 or Class I protostars, based on three evolutionary indicators, which for a Class I are T bol > 70 K, L bol /L smm > 3000, and F 3.6 /F 850 > 0.003, where F 3.6 is the flux at 3.6 cm and and F 850 is the flux at 850 µm. There are eight Class 0 and three Class I protostars in the target sample, listed in Table 1 . A number of additional sources were detected within the AMI fields. We identify these additional sources assuming a generous threshold of 10 arcsec of a known protostellar source to allow for low signal to noise, however the maximum offset is found to be < 4 arcsec. Additional sources are listed in Table 2 . When combined with the original target list, these additional sources will be refered to as the "extended sample". For the purposes of this work, all other detected sources are considered to be extra-galactic and this is discussed further in §6. Physical properties of the sources including parent cloud association, distance, bolometric temperature, bolometric luminosity, envelope mass, and outflow force are listed in Table 3 . We note that the bolometric luminosities of the target sample span an order of magnitude, and the range of envelope masses places the sample in the intermediate to high end of the range for pre-main-sequence stars.
A number of the physical properties listed in Table 3 depend on the distance to the source. For example, many studies assume a distance to Perseus of 320 pc (e.g. Hatchell et al. 2007b ), but here we assume a distance of d = 250 pc in order to remain consistent with the Spitzer "Cores to Disks" (c2d) catalogue of deeply embedded protostars (Dunham et al. 2008) . Values in the literature also differ for the distance to the Taurus and Orion molecular clouds, and the values we adopt, along with their references, are listed in Table 3 . Physical quantities from the literature have been adjusted for distance where necessary.
OBSERVATIONS
The data in this work were taken with the Arcminute Microkelvin Imager (AMI) Large Array at the Mullard Radio Astronomy Observatory near Cambridge, UK (AMI Consortium: Zwart et al. 2008) . AMI is comprised of eight 13 m dishes, operating between 13.5 and 17.9 GHz with eight 0.75 GHz bandwidth channels. The channels 1-3 were not used due to a poorer response in this frequency range and interference due to geostationary satellites. The FWHM of the primary beam of the AMI is ≈ 6 arcmin at 16 GHz. AMI data reduction is performed using the local software tool REDUCE. This applies both automatic and manual flags for interference, shadowing and hardware errors. REDUCE Fourier transforms the lag correlator data to synthesize frequency channels and performs phase and amplitude calibration before output to disc in uv FITS format. Flux (primary) calibration is performed using 3C48 for all fields except for L1251 where 3C147 was used, and assumed flux densities can be found in Table 4 . Phase (secondary) calibration is carried out using the bright point sources listed in Table 1 . Absolute calibration is typically accurate to 5 per cent but we note that an increased absolute calibration error of 10 per cent is applied to flux densities from channel 8 in order to reflect the poorer phase stability of this channel relative to the others.
Reduced data were imaged in CASA 1 . Multiple data sets were concatenated, additional baseline flagging was carried out, and the CLEAN task was used for deconvolution to produce the combined frequency image as well as the separate spectral channel images. Primary beam correction and fitting Gaussian models to radio sources in order to extract flux densities were performed in AIPS 2 . All errors quoted are 1 σ .
RESULTS
Maps were made using naturally-weighted visibilities to ensure optimal signal-to-noise levels, except in the case of HH 1-2 in which uniform weighting was used to improve resolution. As HH 1-2 is the lowest-declination source, the beam would otherwise have been very extended. The dimensions of the synthesized beam for each source are listed in Table 1 . Source detection for these data was performed in the un-primary-beam-corrected maps, where we identified all objects within the FWHM of the AMI primary beam with a peak flux density > 5σ rms , where σ rms is the rms noise determined from the maps. σ rms for each target field is listed in Table 1. Integrated flux densities for detected sources were then extracted from the primary-beam-corrected maps using IMFIT and are listed in Table 5 . The errors on the flux densities are calculated as σ = (0.05S ν ) 2 + σ 2 fit + σ 2 rms , where σ fit is the fitting error returned from IMFIT and 0.05S ν is a conservative 5 per cent absolute calibration error (except for channel 8 where we use a 10 per cent absolute calibration error, 0.1S ν ). Including σ fit provides an overestimation to the total error.
Extracted flux densities are listed in Table 5 , and column [8] of Table 5 lists the spectral indices α AMI calculated over the AMI channels. The uncertainties of these values are large due to the short frequency coverage of AMI. Spectral indices are discussed further in §6. In two cases, HH 26 IR and NGC 2264, the flux density was extracted only from the 16 GHz combined-channel image. For these objects, the flux density in the combined-channel image is < 5 √ nσ , where n is the number of combined channels, indicating that the sources would be detected at < 5σ in the individual channel maps. Combined-channel maps for each source may be found in Appendix A with the exception of L1448 IRS 3 which is shown in Figure 1 (a) for illustration purposes.
NOTES ON INDIVIDUAL FIELDS
L1448. L1448 IRS 3 is made up of the L1448 North group of Class 0 protostars, NA, NB, and NW Terebey & Padgett 1997) . AMI does not resolve the separate sources, so the data at 1.9 cm (see Figure 1(a) ) represents the integrated radio emission from the three protostars and appears point-like. The spectral energy distribution of this source is shown in Figure 1 (b), and includes the observed radio spectra over the AMI frequency channels 3-8 combined with flux densities from the literature. Spectral energy distributions and spectral indices are discussed in §6.
L1448 NA and NB are in a 7 ′′ separation protobinary system ) and L1448 NW lies approximately 20 ′′ northwest of L1448 NA (Terebey & Padgett 1997) in the Perseus molecular cloud. The outflows in this region have been discussed extensively by Wolf-Chase et al. (2000) . Only redshifted gas associated with the outflow of L1448 NA is detected in their CO maps, with a PA (measured from north through east) of ≈ 150 • and a total length of at least 0.7 pc (at their assumed distance of 300 pc). The outflow associated with L1448 NB has a PA ≈ 129 • and 6 ′ to the northwest along the outflow axis lie the blueshifted optical emission knots of HH 196 , the directions of these outflows are illustrated in Figure 1(a) .
We also detect L1448 C in our map, which is the driving source of the high velocity outflow in L1448 (Bachiller et al. 1990 ). The blueshifted CO outflow lobe driven by L1448 C begins with a PA= 159 • (Bachiller et al. 1995 ) (see Figure 1 (a)) before being deflected through a total angle of ≈ 32 • due to a possible collision with the core containing L1448 NA and NB (Davis & Smith 1995; Curiel et al. 1999 ). HH 7-11. The AMI 1.9 cm data presented here (see Appendix A) shows emission extended in a direction almost perpendicular to the direction of the HH 7-11 outflow, but consistent with the distribution of VLA objects of Rodríguez et al. (1999) , almost all of which are associated with YSOs. HH 7-11 SVS 13 is a designated Class I object in NGC 1333 within the Perseus molecular cloud, and is generally believed to be the driving source of the chain of HH 7-11 knots to the southeast. However, using high-resolution VLA data Rodríguez et al. (1997) propose that VLA 3, detected ∼ 6 ′′ southwest of SVS 13 (VLA 4), is instead the driving source of the HH 7-11 outflow. VLA 3 is better aligned with the HH 7-11 knots and the elongation of the source is approximately along the axis of the HH and molecular flows. Rodríguez et al. (1997) suggest that SVS 13 is the driving source of a much smaller, nearby chain of HH objects to the east.
We also detect NGC 1333 IRAS 2A and 2B in our map, which were first detected by Jennings et al. (1987) as IRAS 2, and subsequently by Sandell et al. (1994) who detected a quadrupolar outflow centered on the source suggesting that it might be a binary. The two sources, IRAS 2A and 2B, were detected at 3.6 and 6 cm by Rodríguez et al. (1999) (VLA 7 and 10 respectively) who suggest that the quadrupolar outflow may originate from IRAS 2A and which therefore itself may be a binary.
L1551. L1551 IRS 5 is a deeply embedded multiple protostellar Class I source in Taurus that drives a binary jet (Rodríguez et al. 2003a) . At 1.9 cm (see Appendix A) this source appears point-like and it has been suggested that the emission for this source near 1 cm arises from nearly equal contributions of dust emission from the discs and free-free emission from the ionised ejecta (Rodríguez 1998) . Rodríguez et al. (2003b) have shown that the emission at centimetre wavelengths is produced by a pair of closely aligned (within ≈ 12 • ) bipolar ionised jets, which themselves are aligned with the larger scale bipolar molecular outflow. Lim & Takakuwa (2006) determined that L1551 IRS 5 is a triple protostellar system by identifying two main (N and S) components, separated by ≃ 0.3 ′′ , each comprised of a circumstellar dust disc and bipolar ionised jet, and a third component lying ≈ 0.09 ′′ southeast of the N component as another circumstellar dust disc.
We detect, but do not resolve, the Class 0 source L1551 NE (Moriarty-Schieven et al. 1995) to the east of IRS 5 at 1.9 cm. L1551 NE has a molecular outflow and is likely to drive the HH objects 28, 29, and 454 (Devine et al. 1999) . Radio continuum observations at 3.5 cm identified L1551 NE as a binary source with separation 0.5 ′′ (Reipurth et al. 2002) . L1527. We detect L1527 (IRAS 04368+2557) at 1.9 cm as a pointsource (see Appendix A). This object is an embedded Class 0 (Melis et al. 2011 ) protostar in the Taurus molecular cloud with a compact accretion disc and a ≈ 0.2 ′′ binary companion (Loinard 
L1448 Kenyon et al. 1994 ; (3) . 2002) . The HH 192 outflow associated with this object has an east-west orientation (Gomez et al. 1997 ) with an edge-on disc perpendicular to the outflow axis (Tobin et al. 2010 ) that is infalling onto the central source ). AMI Consortium: Scaife et al. (2012a) found an opacity index β = 0.32 ± 0.04 for this source, consistent with the presence of large dust grains, or pebbles, in the disc.
We also detect HH 192 VLA 2 and 3 (Rodríguez & Reipurth 1998) at 1.9 cm; there are no other references to these objects in the literature. We find a spectral index of α AMI = −0.10 for VLA 2 consistent with optically thin free-free emission and α AMI = −1.25 for VLA 3 which is inconsistent with free-free emission and suggests that it could be extragalactic. For the purposes of this work, VLA 2 and 3 are considered to be extragalactic sources (see §6) although the emission from VLA 2 could be consistent with an HII region.
HH 1-2. At 1.9 cm, we detect the HH 1-2 outflow driving source as a point source (see Appendix A). HH 1 and 2 are considered to be the prototypes of the HH phenomena, displaying two bright bow shocks which expand as a part of a bipolar outflow moving away from the central source that drives a finely collimated jet (Rodríguez et al. 2000) . The Class 0 driving source of HH 1 and (2000), details in §5. We plot the half power point of the primary beam as a solid circle (≈ 6 arcmin at 16 GHz) and the FWHM of the PSF as the filled ellipse in the bottom left corner (see Table 1 ). Contours at 5, 10, 15, 20 σ rms etc, where σ rms = 24µJy beam −1 . (b) The SED for L1448 IRS 3 with the observed radio spectra over the AMI frequency channels 3-8 combined with flux densities from the literature.
2, VLA 1, was detected as a centimetre continuum radio source by Pravdo et al. (1985) , and subsequent observations have shown that the source powers a small thermal radio jet along the axis of the HH flow ). Another source, VLA 2, was found 3 ′′ from VLA 1, producing the HH 144 flow which is at a large angle to the HH 1 flow axis. The AMI does not resolve the two sources VLA 1 and 2 and the combined thermal emission is approximately point-like.
The Herbig-Haro objects HH 1 and HH 2 themselves have been previously detected at centimetre wavelengths (e.g. Rodríguez et al. 1990 Rodríguez et al. , 2000 and we detect HH 2 but we do not detect HH 1 at 1.9 cm. Rodríguez et al. (1990) find a flux density of 0.78 mJy at 2 cm for HH 1, however we constrain an upper flux density limit of 0.34 mJy, suggesting that this source is variable. Radio continuum emission from other HH objects has been found to be time variable (Rodríguez et al. 2008a ; Carrasco-González et al. 2010b). Rodríguez et al. (1990) find flux densities of 1.75 mJy for the central source and 0.98 mJy for HH 2, for which our data is consistent. HH 26 IR. HH 26 IR is a weak source at 1.9 cm (see Appendix A), a Class I protostar (Davis et al. 1997 ) located within L1630 in Orion that drives a molecular outflow.
L1630 is rich in star formation activity and has a complex morphology. Two embedded Class 0 protostars, HH 24MMS and HH 25MMS, are also in this star formation region and both have compact jets, while the outflow of HH 26 IR drives a more extended outflow (Gibb & Heaton 1993) . H 2 knots HH 26A, B, C, and D exist along the axis of the HH 26 IR outflow which is approximately orthogonal to the HH 25 outflow (Davis et al. 1997) . We also detect HH 25 MMS within the AMI primary beam to the northeast of HH 26 IR. HH 111. At 1.9 cm, HH 111 (see Appendix A) is significantly extended along an approximate north-south direction, perpendicular to the known outflow direction. The driving source is IRAS 05491+0247, a suspected Class I binary source (Yang et al. 1997 ) that drives a bipolar molecular outflow. The outflow was first discovered in the optical by Reipurth (1989) . However, based on the classification criterion defined in §2, this source has a bolometric temperature consistent with a Class 0 object and this is discussed further in §6. The jet is well-collimated, aligned approximately in the E-W direction, and has knots with velocities ranging from 300 to 600 km s −1 for different parts of the jet complex (Reipurth et al. 1992) . It was found that the optical jet is part of a giant HH complex extending over 7.7 pc (Reipurth et al. 1997) .
Near-infrared observations (Gredel & Reipurth 1994 ) revealed a second bipolar flow, HH 121, emerging from around the same position as the optical outflow and is aligned approximately in the N-S direction, consistent with the extension observed here. Such a quadrupolar outflow is indicative of a binary companion. 3.6 cm ) and 7 mm (Rodríguez et al. 2008b ) VLA observations suggest a common origin within ≈ 0.1 ′′ . It has been suggested that the most viable interpretations for the structure are that the observations are of two orthogonal discs around separate protostars or a disc with a perpendicular jet (Rodríguez et al. 2008b) . NGC 2264. We detect emission from NGC 2264 G at 9σ rms in the AMI combined-channel map (see Appendix A). The NGC 2264 G molecular outflow was one of nine discovered in a CO survey of the Monoceros OB1 cloud conducted by Margulis & Lada (1986) and was found to have very high velocity emission and a wellcollimated, bipolar morphology (Margulis et al. 1988) . It is centered on IRAS 06384+0958 and extends ≈1.6 pc in an approximately E-W direction (Caratti o Garatti et al. 2006) . Lada & Fich (1996) show that the outflow is S-shaped and symmetric with respect to the driving source, VLA 2, which was detected by Gómez et al. (1994) using VLA ammonia observations. They obtained a spectral index for the outflow of α ≃ 0.3 ± 0.2 which is consistent with optically thin free-free emission of a thermal jet, and their 3.6 cm VLA images show VLA 2 to be elongated in the direction of the outflow. Subsequent observations of VLA 2 by Ward- using the James Clerk Maxwell Telescope (JCMT) obtained a ratio of submillimeter and bolometric luminosity indicative of a Class 0 protostar. Serpens. At 1.9 cm, AMI does not resolve the triple radio source SMM 1 but measures the integrated radio emission. The emission is oriented in an approximate N-S direction (see Appendix A), despite the outflow orientation of NW-SE which could be due to the presence of multiple objects in this region. The Serpens molecular cloud is a nearby star formation region containing clusters of lowmass protostars as well as several HH objects and outflows. The most luminous and most deeply embedded object in the Serpens cloud core is the triple radio source SMM 1, comprised of a central source, a NW component, and a SE component, and is a known Class 0 source associated with a highly collimated radio continuum jet (Rodríguez et al. 1989b ). Curiel et al. (1993) presented high-sensitivity, multifrequency VLA radio continuum observations of the triple radio source, showing a one-sided radio jet morphology, but did not detect a counter jet. These authors show that the central source is extended at 3.6 cm, but the difference between the direction of the major axis and the orientation of the radio jet appear to be significant, suggesting that the central source is precessing or nutating. They find that the central source has a spectral index α ≃ 0.15 ± 0.09, consistent with the value of α ≃ 0.1 ± 0.1 obtained by Rodríguez et al. (1989b) , while the NW and SE components have spectral indicies α ≃ −0.05±0.05 and α ≃ −0.30±0.04 respectively. These results suggest a thermal origin for the emission associated with the central source and the NW component, and a borderline thermal/nonthermal origin for the SE component. AMI Consortium: Scaife et al. (2012b) present evidence for radio variability in SMM 1, as previously suggested by Enoch et al. (2009a) who detect a high mass disc around the source. Here we adopt a bolometric luminosity of L bol = 17.3 L ⊙ (Enoch et al. 2009a ), however we note that significantly higher luminosities have been reported for this object (e.g. 46 L ⊙ from Hurt & Barsony 1996) . L723. L723, also known as IRAS 19156+1906, appears point-like at 1.9 cm (see Appendix A). L723 is a designated low-mass, Class 0 object (Lee et al. 2002) . The associated outflow consists of a pair of bipolar lobes aligned along the east-west direction and another pair of bipolar lobes aligned roughly in the north-south direction, with IRAS 19156+1906 located at their common centre (Lee et al. 2002) . VLA observations at 3.6 cm reveal two sources, VLA 1 and VLA 2, toward the centre of the outflow (Anglada et al. 1991) , although VLA 1 is likely a background source (Anglada et al. 1996; Girart et al. 1997) . VLA 2 has a jet-like morphology and partially optically thick free-free emission, characteristic of a thermal radio jet, and was first identified as the powering source of the EW pair of molecular lobes by Anglada et al. (1996) . Recent VLA observations by Carrasco-González et al. (2008) at 3.6 cm and 7 mm resolve VLA 2 into several components and the two brightest sources at 3.6 cm, VLA 2A and 2B, are separated by ≈ 0.29 ′′ .
L1251. The emission at 1.9 cm of L1251 A is detected as a pointsource (see Appendix A). L1251 A is a star-forming region toward Cepheus, and is centered on the bright source IRAS 22343+7501 which is associated with a large-scale (∼ 10 ′ ) molecular outflow (Sato & Fukui 1989; Schwartz et al. 1988 ). VLA observations (Meehan et al. 1998; Beltrán et al. 2001; Reipurth et al. 2004a) show several radio sources (VLA 6, 7, and 10) within this region that could possibly drive the molecular outflow. Reipurth et al. (2004a) show two sources with clear extension, VLA 7 and 10, and suggest that VLA 10 could drive the molecular outflow found by Sato & Fukui (1989) , which extends for 10 ′ in the approximate NE-SW direction. However, VLA 7 is consistent with the outflow found by Schwartz et al. (1988) that has an outflow direction in an almost perpendicular direction, and the emission we detect is consistent with this. We do not resolve these sources, but measure the integrated radio emission. 
DISCUSSION

Detections and non-detections
We detect 100 per cent of the objects in the target sample with AMI at 16 GHz, which includes eight Class 0 and three Class I protostars based on the classification scheme described in §2. We also detect five additional Class 0 and one additional Class I sources within the AMI primary beam of these fields, all of which are Class 0 sources driving outflows except for NGC 1333 IRAS 2B which is Class I. In the L1448 field there is one Class 0 source (31; Hatchell et al. 2007b ) that we do not detect, in the HH 7-11 field there is one Class 0 (62; Hatchell et al. 2007b ) and one Class I (50; Hatchell et al. 2007b ) that we do not detect, and in the Serpens field there is one Class 0 (VLA 5; AMI Consortium: Scaife et al. 2012b) and two Class I (VLA 9, 16; AMI Consortium: Scaife et al. 2012b) sources that we do not detect.
We identify AMI 7 as the radio counterpart to HH 2, but we do not detect HH 1 at 1.9 cm even though it has been previously detected at centimetre wavelengths. We also do not detect any HH 192 objects in the L1527 field which lie within the AMI primary beam.
Detection statistics for the original and extended samples divided by evolutionary class are listed in Table 6 . It is not surprising that we should detect 100 per cent of the target sample as all sources have been previously detected at centimetre wavelengths and have known radio jets. Detection rates for Class 0 in the extended sample is typical compared to AMI Consortium: Scaife et al. (2011b Scaife et al. ( , 2012b but high for Class I. This is likely due to the small sample size or the fact that a majority of the extended sample consists of the original sample which was chosen on the basis that these objects have been detected at these wavelengths before. The original sample is biased, and for these reasons it is difficult to draw strong statistical conclusions from this sample.
Expected contamination by extragalactic radio sources
At 16 GHz we expect a certain number of extragalactic radio sources to be seen within each of our fields. Following AMI Consortium: Scaife et al. (2011a Scaife et al. ( ,b, 2012b , to quantify this number we use the 15 GHz source counts model from de Zotti et al. (2005) scaled to the 10C survey source counts (AMI Consortium: Davies et al. 2011) . The average rms noise from our datasets is ⋍ 30 µJy beam −1 and from this model we predict that we should see 0.043 sources arcmin −2 , or ⋍ 2 radio sources within a 6 arcmin FWHM primary beam above a 5σ rms flux density of 150 µJy. Accounting for the radial attenuation of the primary beam, we would therefore expect to see ≈ 10 ± 3 extragalactic radio sources within our target fields. Making the assumption that all sources which can-not be identified with a previously known protostellar object are extragalactic we find 4 radio sources, lower than predicted but consistent at the 2σ level. The low number of extragalactic sources detected in these fields compared to the model may represent an over-estimation from the 15 GHz source counts, which are extrapolated from a completeness limit of 0.5 mJy and is high compared with our detection limit of 0.15 mJy. One break in the observed source counts is already known at mJy flux density levels (AMI Consortium: Davies et al. 2011) and it is possible that a further break exists below 0.5 mJy.
Spectral Energy Distributions
An extensive literature search was conducted for unresolved, integrated flux densities to include in the spectral energy distributions. It should be noted that Wendker (1995) was a useful reference. High resolution data that were highly discrepant due to flux loss or data with high uncertainties (e.g. 450 µm data from di Francesco et al. 2008) were not included. Spectral energy distributions are shown in Figures 1(b) , 2, and Appendix B, with maximum likelihood models (see Table 8 ) overlaid. The list of archival data used in the spectral energy distributions can be found in Appendix C. Where uncertainties were not provided, an error of 10 per cent was used in the model fittings and this is indicated by a † in Appendix C. Only data ν < 3 THz (λ > 100 µm) were included in the fit, but IRAS data ν > 3 THz are included in the plots for illustration.
Maximum likelihood SED fitting
Power-law spectral indices, α AMI , were fitted to the AMI channel data alone for each object, see Tables 2 and 5 , using the Markov Chain Monte Carlo based Maximum Likelihood algorithm METRO (Hobson & Baldwin 2004) . The fit is of the form:
where S ν is the flux density measured at frequency ν.
METRO was then used to fit a combined radio power law, with spectral index α ′ , and blackbody model to the larger dataset for each source. This fit utilized data at wavelengths longer than 100 µm and had the form:
where β is the dust opacity index, B ν is the Planck function for a dust temperature T d , K 1 is the normalized flux density at ν 1 = 16 GHz and K 2 is the normalized flux density at ν 2 = 300 GHz. Fitting was performed in two scenarios to obtain the maximum likelihood values for the spectral index α ′ of each source. These two scenarios are:
(i) fixing the dust temperature based on evolutionary class, (ii) allowing the dust temperature to vary.
It can be seen that when ν = ν 1 , S 1 equals K 1 , the normalized flux density at 16 GHz and when ν = ν 2 , S 2 equals K 2 , the normalized flux density at 300 GHz, and we define these parameters as S norm
16
and S norm 300 respectively. We use uniform and separable priors for all parameters, with ranges
The greybody contribution
When ν = ν 1 = 16 GHz, the free-free component should dominate the total flux density, however at 16 GHz there is also expected to be a small contribution to the radio flux density of protostars due to the long wavelength tail of the thermal dust emission from the envelopes around these objects (e.g. AMI Consortium: Scaife et al. 2012a).
It is important to separate the greybody component from the free-free emission and we calculate this predicted contribution to the 16 GHz flux density in the following way:
with an associated error
where ν = 16 GHz, ν 2 = 300 GHz, and σ K 2 , σ β and σ T d are the uncertainties on K 2 , β and T d respectively and listed in Tables 7  and 8 . In all cases, we find that the error, σ S,16 , is dominated by the uncertainty on β . For example, in the case of L1448: σ 2 S,16 = 4.39 2 ± 75.8 2 ± 14.3 2 µJy.
We subtract the value of S gb,16 from the measured 16 GHz flux density to remove the contribution of thermal dust emission and obtain values of only the radio emission due to the outflow component at 16 GHz, S rad,16 . This is to ensure that the values used do not include contributions from the thermal dust tail which varies greatly between sources and which might therefore influence any conclusions being drawn from the correlations examined in a later section of this paper. We compute the radio luminosity S rad,16 d 2 using the greybody-subtracted radio flux densities and the distance values listed in Table 3 to use in the correlations in §6.6. If the greybody subtracted flux density is not distinct from zero by > 3σ , we consider the radio luminosity consistent with zero (see Tables 7 and  8 ).
Comparison of the two scenarios
In Scenario (i), the algorithm was run by fixing T d to 15 K for Class 0 objects and to 20 K for Class I objects, and allowing the other parameters to vary to determine their maximum likelihood values. Overall, fixing the dust temperature provided reasonable fits to the spectral energy distributions, with the exception of L1527, NGC 2264 G, Serpens MMS 1, and L1551 NE where it provided a poor fit to the greybody peaks. The results for the maximum likelihood values of α ′ , β , S norm 16 and S norm 300 in each case are listed in Table 7 , along with the dust temperature used [Columns 2-6], the greybody contribution at 16 GHz [Column 7], and the radio luminosity at 16 GHz with the greybody contribution subtracted out [Column 8]. We find a weighted average spectral index of α ′ = 0.20 ± 0.41 for the original sample, consistent with free-free emission, and a dust opacity index of β = 1.75 ± 0.36. Quoted errors represent the standard deviation of the distribution of values, rather than the standard error on the mean.
In Scenario (ii), we do not fix T d and allow the algorithm to determine the maximum likelihood value for this parameter along with α ′ , β , S norm 16 and S norm 300 . The results for these parameters along with S gb,16 and S rad,16 d 2 are listed in Table 8 . We again find a weighted average spectral index of α ′ = 0.20 ± 0.46 for the original sample consistent with free-free emission. We find an opacity In the first scenario, with fixed T d , 80 per cent of the sources in the original sample for which the spectral indices could be constrained had maximum likelihood values of 2 > α ′ > −0.1, consistent with free-free emission. In the second scenario, with T d varying, again 80 per cent of the sources in the original sample had α ′ consistent with free-free emission. In both cases, NGC 2264 and L723 have spectral indices that are inconsistent with free-free emission and α ′ < −0.1, suggesting non-thermal emission. The one source for which an accurate value of α ′ is unconstrained in the original sample is HH 26 IR, due to insufficient low-frequency data. Unconstrained parameters are indicated in Tables 7 and 8 by 'UC'. Since α ′ is unconstrained for HH 26 IR, the algorithm attributes all the flux density at 16 GHz to thermal dust emission, resulting in a value of S rad,16 d 2 ≈ 0 when subtracted from the AMI flux density. Consequently it does not appear in the correlations in §6.6.
A spectral index of α > 2 is generally considered un-physical for free-free emission, and is attributed to dust emission. In the cases where the likelihood distribution pushed the upper limit of the prior range, we increased the prior range to Π α (−2, 3) . In the extended sample, NGC 1333 IRAS 2A has α ′ > 2 in both model scenarios, suggesting that the lower frequency data is an extension of the greybody emission and that there is no free-free component. This will not be reflected accurately in the calculation of the greybody emission at 16 GHz since the algorithm constrains a separate α ′ component, and this will in turn affect the radio luminosity calculated for this source and the correlations discussed in §6.6. When T d is fixed (Scenario (i)), HH 25 MMS also has α ′ > 2, suggesting that it is purely greybody emission. This will have the same consequences as for NGC 1333 IRAS 2A. However, α ′ is unconstrained for HH 25 MMS when T d is allowed to vary (Scenario (ii)) and this will have the reverse affect on the radio luminosity. Examining the SED plot (see Appendix B), it is possible that HH 25 MMS has a free-free component based on one or two data points, but the model is unable to constrain it without more low-frequency data.
For L1551 NE, α ′ is constrained in Scenario (i) but not in Scenario (ii). Consequently, the calculated radio luminosities differ significantly between the two scenarios and this will affect the correlations in §6.6. Specifically, S rad,16 d 2 is a factor of 4.3 higher when T d is allowed to vary than when it is fixed to 15 K (see Tables 7 and 8). When T d is fixed for this source, the peak of the greybody is constrained by the given dust temperature (and does not fit the higher frequency data), allowing the algorithm to determine α ′ using the two low-frequency data points (see Figure 2(a) ). However, when T d is allowed to vary, the AMI data point at 16 GHz is fit as part of the greybody emission and α ′ is left unconstrained, as there is only one remaining low-frequency data point (see Figure 2(b) ). This results in a more significant greybody contribution at 16 GHz. Therefore the radio luminosity will be significantly lower when S gb,16 is subtracted in this scenario compared to that when the dust temperature is fixed, and this will drastically change its position on the correlation plots between the two scenarios. The same situation is also found in the case of HH 25 MMS.
Dust Temperatures
In Scenario (ii), where T d varies, our results for T d range between 9-45 K. Values in the literature for the dust temperatures associated with Class 0 and I sources are found to range between 10-40 K (Reipurth et al. 1993; Dent et al. 1998; Shirley et al. 2002; Young et al. 2003; Hatchell et al. 2007b ). Dent et al. (1998) find that their sample of Class 0 protostars can be fitted with optically thin emission, a β index between 1-1.5, and a dust temperature between 20-30 K. These authors derive for their Class I sources β between 1-2 and a dust temperature of 30 K, of which our results are consistent.
For Class 0 sources, we find weighted average values of β = 1.35 ± 0.29 and T d = 20.1 ± 10.89, and for Class I sources we find β = 1.81 ± 0.74 and T d = 14.85 ± 5.15. These results are reversed from what we expect based on the first SED scenario, but this is likely to be due to the low number of Class I sources in our sample compared to Class 0. AMI Consortium: Scaife et al. (2012a) find β = 0.3 for L1527 by fitting data from 5 GHz to 350 GHz jointly using the sum of two power-laws, which is slightly shallower than the value of β = 0.81 ± 0.11 found in this work. However, both are consistent with the value of β 1, indicating the presence of large dust grains.
Radio Spectral Indices
Typically, the radio emission detected at centimetre wavelengths for Class 0 and I protostars is observed to possess a flat or rising Figure 2 . The spectral energy distribution fits for L1551 NE when (a) T d = 15 K, and (b) when T d is allowed to vary. In the first case, the method determines α ′ for the two low-frequency data points, but in the second case the AMI data point is fit as greybody emission and α ′ is unconstrained. spectrum, indicating that it occurs as a consequence of free-free radiation from ionised gas. Unresolved sources can exhibit partially opaque spectra with spectral indices in the range −0.1 α 2, where a value of −0.1 indicates optically thin free-free emission and a value of 2 indicates optically thick. For the case of a standard, canonical jet with constant opening angle, the spectral index α = 0.6. Shallower spectral indices (α < 0.6) are expected for unresolved, well-collimated, ionised outflows, and steeper spectra still (α > 0.9) are expected for fully ionised, adiabatic jets (Reynolds 1986) . In this section we compare our results for α AMI (Tables 2  and 5 ) and α ′ from the spectral energy distribution scenario where T d is allowed to vary (Table 8) .
Across the AMI band, 7/9 (78 per cent) of the target sources, where the spectral index α AMI could be constrained, are within the range −0.1 α AMI 2 indicating free-free emission (see Table 5 ). When including the additional protostellar sources detected in these fields, 11/14 (79 per cent) of the sources have α AMI within this range. The three sources that lie outside this range, HH 111, Serpens and L1448 C, have α AMI < −0.1, typically indicating that another emission mechanism is at work. However, spectral indices inconsistent with free-free emission have been found previously for Serpens MMS 1 (Rodríguez et al. 1989b; Curiel et al. 1993 ). The weighted average spectral index of the original sample calculated from the AMI fluxes is α AMI = 0.42 ± 0.59, consistent with a canonical jet. The flux densities for HH 26 IR and NGC 2264 could only be extracted from the 16 GHz combined-channel map, so it was not possible to measure α AMI for these sources. For the extended sample, α AMI = 1.52±0.64, still consistent with free-free emission. The large uncertainties of α AMI in Table 5 are due to the short frequency coverage of AMI.
For comparison, 8/10 (80 per cent) of the original sample have −0.1 α ′ 2 when including archival data (again, excluding HH 26 IR, see Table 8 ). For the extended sample, 10/13 (77 per cent) of the sources (excluding L1551 NE and HH 25 MMS) have α ′ within this range. The values for α ′ that lie outside this range are NGC 2264 and L723 (α ′ < −0.1) and NGC 1333 IRAS 2A (α ′ > 2). The original sample has a weighted average spectral index α ′ = 0.20 ± 0.46 and the extended sample has α ′ = 0.37 ± 0.63, both consistent with free-free emission and a well-collimated flow.
In the case of NGC 2264 G, there are two known radio continuum sources in this outflow region: VLA 1, which was proposed as the driving source by Rodríguez & Curiel (1989) , and VLA 2, which is suggested to be the driving source source by Gómez et al. (1994) . Gómez et al. (1994) find a spectral index α ≃ −1.3 ± 0.4 for VLA 1 and a significantly lower flux density than Rodríguez & Curiel (1989) , suggesting that it appears to be highly variable and an extragalactic nature cannot be ruled out. For VLA 2, these authors find a spectral index α ≃ 0.3 ± 0.2, consistent with freefree emission. The negative spectral index α ′ = −0.31 ± 0.11 obtained here for NGC 2264 G is likely contaminated by VLA 1 as the sources are unresolved by AMI. Additional high resolution observations are needed to confirm the non-thermal component.
L723 is in a similar situation to NGC 2264 G, where there is a nearby source, VLA 1, with spectral index α −0.1 that could be contaminating the results in the SED for the prospective driving source, VLA 2. Anglada et al. (1996) find a spectral index α = −0.3 ± 0.2 for VLA 1, and discuss the possibility that the source is a radio-emitting, optically obscured T Tauri star. These authors find a spectral index α = 0.5 ± 0.2 for VLA 2, consistent with free-free emission, and the results of Carrasco-González et al. (2008) for the spectral index of VLA 2 are also indicative of free-free emission. We find α AMI = 0.42 ± 0.82 for L723, consistent with free-free emission from a canonical jet even though we do not resolve these sources. The negative spectral index α ′ = −0.29 ± 0.09 we obtain is likely affected by both VLA 1 and insufficient low-frequency data to better constrain α ′ .
From the data presented here, L1527 is found to have a spectral index α AMI = 1.15 ± 0.57, which agrees with the value of α AMI = 1.17 ± 0.42 found by AMI Consortium: Scaife et al. (2012a) . A spectral index of α > 0.8 can be easily produced by velocity gradients or the recombination that might be expected for rapidly diverging flows (Reynolds 1986) . For consistency purposes, we have used the same archival data as in AMI Consortium: Scaife et al. (2012a) for the SED, who find α ′ = −0.11 ± 0.09. However, we find α ′ = 0.70 ± 0.06 in this work. We attribute this difference to the fact that the data is fit with multiple greybody components in AMI Consortium: Scaife et al. (2012a) . L1527 has a known disc (Loinard et al. 2002; Tobin et al. 2010 ) which dominates the SED at sub-mm frequencies, while the envelope contribution dominates at far-infrared frequencies. The single greybody model used in this work does not provide the best fit to both the envelope and disc. However, in both scenarios the SED model here predicts β 1, consistent with the presence of large dust grains in the disc (AMI Consortium: Scaife et al. 2012a).
Overall, the values for the spectral indices are consistent as all sources listed in Table 5 and the protostellar sources listed in Table 8 have known outflows. In the cases of NGC 2264 G and L723, higher spatial resolution data can help constrain the emission mechanism for the driving sources of these outflows and identify non-thermal components.
Correlations
Radio luminosity has been shown to correlate with global properties such as bolometric luminosity, envelope mass, and outflow force (AMI Consortium: Scaife et al. 2011a Scaife et al. ,b, 2012b ). We do not repeat these discussions here, but combine our data with the previous work to redraw the correlations, see Figures 3 and 4 . We use the radio luminosity (S rad,16 d 2 ) results calculated by subtracting the predicted greybody contribution at 16 GHz (S gb,16 ) from the measured flux density (S 16 GHz ), in the correlations that follow to ensure that the values used are representative of only the outflow component of the radio emission. We compare the correlations between both SED scenarios and examine the relation of this sample to existing correlations.
Note on Classification
AMI Consortium: Scaife et al. (2011b) found that when comparing bolometric temperatures determined using IRAS data (Hatchell et al. 2007b ) and those found from fluxes calcuated using Spitzer SEDs (Dunham et al. 2008) , the IRAS temperatures were, on average, a factor of 1.6 higher than the corresponding Spitzer values. Bolometric temperature is one of the indicators for protostellar class and within this sample, one of the sources with 70
T bol 150 (HH 111) will change from Class I to 0 when the Spitzer temperature is used. Figure 3 shows the correlation of radio luminosity with bolometric luminosity for (a) Scenario (i), where T d is fixed, and (b) Scenario (ii), where T d varies. These new data extend the trend into higher luminosities. We note that the bolometric luminosity for the Serpens MMS 1 source used here is L bol = 17.3 L ⊙ (Enoch et al. 2009a) , however significantly higher luminosities have been reported for this object in the literature which could explain the offset from the trend (see §5.9). The value of α ′ is unconstrained for HH 26 IR due to insufficient low-frequency data. As a result, our method calculates a significant value for S gb,16 , resulting in a value of S rad,16 d 2 consistent with zero due to the low flux density detected by AMI. HH 26 IR is therefore not included in the plots. Data below 8 GHz is needed to constrain the spectral index of this source and establish an accurate measure of the radio luminosity.
Correlation with bolometric luminosity
Two sources, L1551 NE and HH 25 MMS, have their location change significantly between Figures 3(a) and (b), due to the large difference in their radio luminosities between the two SED scenarios (as discussed extensively in §6). Larger radio luminosities were calculated for both sources in the case where T d is fixed. However, the lower radio luminosity calculated from the scenario where T d is allowed to vary for HH 25 MMS is in better agreement with the trend than the higher value from the scenario where T d is fixed. The opposite is true for L1551 NE, and the radio luminosity calculated for this source from Scenario (i) is in better agreement with the trend than the one calculated from Scenario (ii). Like HH 26 IR, L1551 NE deviates from the trend due to a radio luminosity S rad,16 d 2 ≈ 0 when T d varies, and more observations at these frequencies are needed to constrain the spectral index and establish the radio luminosity.
We use a two sample Kolmogorov-Smirnov (KS) test to determine whether the sample from this paper is consistent with the known correlation. We reject the null hypothesis of no difference between the datasets if the probability is less than the standard cutoff value of p=0.05. We find p-values of p=0.021 and =0.037 for Scenarios (i) and (ii) respectively, indicating that the sample from this work is statistically different from the previous sample in both scenarios.
We attribute this discrepancy to the values of the bolometric luminosity, rather than the radio luminosity, as no similar effect is seen in the correlation with envelope mass (see § 6.6.3). There are a number of possible explanations. The data set from previous papers (open circles in Fig. 3 ) has bolometric luminosity values dominated by a single catalogue (Hatchell et al. 2007b ), whereas the current sample has values from a much wider range of references. We might therefore expect a larger degree of scatter in the current dataset due to differences in methodology. Alternatively, it is possible that the bolometric luminosities derived in Hatchell et al. (2007b) which dominate the archival dataset have themselves a systematic offset from those found more generally in the literature, however this seems unlikely as it has not been noted in previous comparisons. A further possibility is that the current sample is (on average) biased towards sources with high ratios of bolometric luminosity to envelope mass. Since these sources are preferentially selected to be well known radio protostars it is likely that this effect is present at some level. We therefore suggest that the underlying cause of the discrepancy is a combination of both this last possibility and the first. Figure 4a shows the correlation between radio luminosity and envelope mass. The envelope masses listed in Column [8] of Table 3 were determined using the 850 µm flux density from the Fundamental Map Object Catalogue (di Francesco et al. 2008) in the following way:
Correlation with envelope mass
where κ ν is the opacity index, B ν (T d ) is the Planck function at a dust temperature T d , and the scaling factor κ ν B ν (T d ) −1 uses the scaled value from Hatchell et al. (2007b) , applied in AMI Consortium: Scaife et al. (2012b) . This fixes us on the same scale as Enoch et al. (2009a) and allows for comparisons between the datasets. Distances used are listed in Column [3] of Table 3 . Froebrich (2005) find that lower dust temperature of 15 K e.g., as suggested by Motte & André (2001) and Hatchell et al. (2007b) , would lead to envelope masses that are a factor of 1.6 higher, however this should not affect our results as we are maintaining consistency within our sample. The SCUBA (di Francesco et al. 2008) 850 µm flux density is unresolved for NGC 1333 IRAS 2A and B, and so we use the values from Enoch et al. (2009b) for these objects. The data from this paper are combined with those from AMI Consortium: Scaife et al. (2011a,b) to examine the correlation of radio luminosity with envelope mass. It can be seen from Figure 4 (a) that the data from this work are consistent with those from the literature. A best-fitting correlation using the combined data-set is found to be, log[L rad (mJy kpc
2 )] = (−1.83 ± 0.25)
Following AMI Consortium: Scaife et al. (2011b) we also compare the data to a power-law with index 1.33, shown as a dashed line in Figure 4 (a). We note that the fitted correlation is consistent with this index at the 1 σ level.
Class I sources are expected to have smaller envelope masses than Class 0 by definition (see §1) but from these data there is no evident deviation from the trend based on evolutionary class. In fact, the Class I sources in this sample are all found along the +1 σ level line of the correlation.
From the KS test we find p-values of p=0.374 and p=0.54 for Scenarios (i) and (ii) respectively, indicating that the sample from this work is consistent with the correlations found from the previous sample in both scenarios. . Observational bias in the L rad − M env correlation We note that the correlation fitted directly to the data shown in Figure 4 will be subject to an observational bias due to the low significance end of the data. This form of Eddington bias causes the slope of the fitted correlation to be artificially shallow due to the increased data scattered above the correlation, relative to that scattered below the correlation which will be missed due to the detection limit. Such a bias can be corrected statistically, and following the method of Herranz et al. (2006) we use a maximum likelihood estimator for the slope, m, to recover a value ofm = 1.01.
The correlation with bolometric luminosity will also be subject to a similar bias. However, we do not correct the fit in this case as the detection limit is not the only criterion for detection of a radio counterpart in this case, as shown in AMI Consortium: Scaife et al. (2011b) .
Correlation with outflow force
The 1.9 cm radio luminosity data presented here are consistent with the loose correlation with outflow force measured in AMI Consortium: Scaife et al. (2011a,b) , see Figure 4 (b). As discussed in AMI Consortium: Scaife et al. (2011a) the lack of a well defined correlation in this case may by due to the errors inherent in measurements of outflow force. Class 0 objects are generally considered to have more energetic outflows than Class I, but there is no clear evolutionary division in the correlation presented here.
Many studies increase their outflow forces by a factor of 10 to account for optical depth and inclination effects, following Bontemps et al. (1996) . From the current sample, only two the values for outflow force from the literature have been corrected in this way: L1527 and Serpens MMS (see Table 3 ). As the majority of the data included in Figure 4 (b) has this correction implemented, we apply the same adjustment to the values in Table 3 for the purposes of the plot.
Variability
Radio variability might be expected for Class 0 and I sources due to episodic accretion rates and mass ejection in the outflows (Kenyon & Hartmann 1995; Young & Evans 2005) . However, only two sources, L1551 IRS 5 and Serpens SMM 1, show strong signs of variability based on examination of their spectral energy distributions (see Appendix B). This could be due to the fact that there is a comparatively larger amount of archival data for these sources, and it is likely that a majority of the sources in this sample possess variable natures but more observations at multiple epochs are needed to confirm this. In the case of NGC 2264 G, evidence for variability has been shown (Gómez et al. 1994) for an object in the same region as the driving source of this outflow which will affect the results of unresolved data. L1551. Rodríguez et al. (2003a) have compiled measurements of L1551 IRS 5 at 2 cm from 1983 to 1998 to determine the proper motion of the multiple sources, and by comparing different epochs they found that the southern component underwent a major ejection event during the late 1980s and showed considerable elongation in the E-W direction. By comparing data at 5 and 15 GHz taken at different epochs (see Appendix C) there is clear evidence of variability. The flux densities measured at 5 GHz range by a factor of ≈ 1.7 over all epochs, while the flux densities measured at 15 GHz range by a factor of ≈ 2.2. In addition, the VLA observations of Keene & Masson (1990) were measured in September 1988, and their flux density at 15 GHz is a factor of ≈ 1.7 higher than the flux density measured in this work at a similar frequency. Lim & Takakuwa (2006) detect three circumstellar dust disks in this region, and therefore luminosity variations might be expected. These authors have discussed that the flux of the N jet (see §5 in this work) is typically higher than the flux of the S jet, except during the epoch of the major ejection event of the southern jet. Serpens. Evidence for variability has been shown for Serpens SMM 1 by AMI Consortium: Scaife et al. (2012b) and references therein. Curiel et al. (1993) suggest that the knotty structure in the NW and SE components is the result of a discrete ejection of material ("bullets") from the source, which could account for the radio flare event in the archival data AMI Consortium: Scaife et al. (2012b) that appears to have faded. The observations at 1.9 cm for SMM 1 presented in this work were taken 11 October 2011 and the flux density (see Table 5 ) is a factor of ≈ 1.5 higher than that presented in AMI Consortium: Scaife et al. (2012b) who measure a flux density of 4.736 ± 0.237 at 1.8 cm from observations taken between December 2010 and January 2011. Our measured flux density is within the uncertainty limits of the 15 GHz flux density of 10 ± 3 mJy found by Snell & Bally (1986) . Enoch et al. (2009a) detect a high mass disc around this source which should be unstable and therefore exhibit luminosity variations. HH 1 The Herbig-Haro object HH 1 has been previously detected at centimetre wavelengths (e.g. Rodríguez et al. 1990 Rodríguez et al. , 2000 however, here we do not detect HH 1 at 1.9 cm. We calculate a flux density upper limit of 0.34 mJy for this object, inconsistent with the value of 0.78 mJy at 2 cm found by Rodríguez et al. (1990) . However, Pravdo et al. (1985) also failed to detect HH 1 in the radio, suggesting that this source is variable. Indeed multi-wavelength observations of this object have been discussed by Raga et al. (2011) , and HH 1 has been shown to be variable at radio wavelengths. Future observations with the AMI and eMERLIN at the same epoch will provide a better picture of the variability of these objects.
CONCLUSIONS
We have presented 16 GHz observations made with AMI of a sample of low-mass young stars driving jets.
• The data presented in this work provides support for free-free emission as the dominant mechanism for producing the radio luminosity from these YSOs. Across the AMI channel bands 80 per cent of the detected protostellar sources in the target sample have spectral indices −0.1 α AMI 2 consistent with free-free emission and we find an average spectral index α AMI = 0.42 ± 0.59. Although the flux densities integrated over the whole of the source are in general indicative of free-free emission, it could be possible that subcomponents within the source show non-thermal (i.e. negative) spectra.
• We have also presented and examined spectral energy distributions for each detected protostellar source, combining the AMI data with available archival data from an extensive literature search. We tested two scenarios to obtain maximum likelihood values for the spectral indices, dust opacity indices, and dust temperatures. In Scenario (i) we fix T d for each source based on protostellar evolutionary class and find that 80 per cent of the objects in the target sample have spectral indices consistent with free-free emission, and we calculate an average spectral index α ′ = 0.20 ± 0.41 consistent with the value for a well collimated outflow. In Scenario (ii) we do not fix T d , and we find the same average value for the spectral index. These values for the spectral indices are consistent with expectations as all target sources have known outflows.
• We examine the errors associated with determining the radio luminosity and find that the dominant source of error is the uncertainty on β .
• In both scenarios we find that NGC 2264 G and L723 have α ′ −0.1, inconsistent with free-free emission. For these two sources there are other objects within close proximity (i.e. within the synthesized beam) that have non-thermal spectral indices that affect the integrated flux densities. Higher spatial resolution data can help constrain the emission mechanism for the driving sources of these outflows. We also find α ′ > 2 in some cases (e.g. NGC 1333 IRAS 2A) suggesting that the lower frequency data is an extension of the greybody emission and that there is no free-free component detectable in these data.
• We examine correlations between the radio luminosity and bolometric luminosity, envelope mass, and outflow force and find that these data are broadly consistent with correlations found by previous samples. We find a slight bias in the correlation with bolometric luminosity towards higher values of L bol .
• Evidence for variability has been shown for L1551 IRS 5 and Serpens SMM 1 by close inspection of their SEDs. It is apparent from their histories that they have undergone radio flare events, supporting non-steady accretion accretion models of protostellar evolution. We also find variability in the Herbig-Haro object HH 1.
plot the half power point of the primary beam as a solid circle (≈ 6 arcmin at 16 GHz) and the FWHM of the PSF as the filled ellipse in the bottom left corner (see Table 1 ). Contours at 5, 10, 15, 20 σ rms etc, where σ rms values for each source are listed in Table 1.
APPENDIX B: SPECTRAL ENERGY DISTRIBUTIONS
The observed radio spectra over the AMI frequency channels 3-8 combined with flux densities from the literature. Maximum likelihood results from Scenario (ii) are overlaid (see Table 8 ). The list of archival data used in the spectral energy distributions can be found in Appendix C. Only data ν < 3 THz (λ > 100 µm) were included in the fit, but IRAS data ν > 3 THz are included in the plots for illustration.
APPENDIX C: SED REFERENCE TABLE
An extensive literature search was conducted for unresolved, integrated flux densities to include in the spectral energy distributions. It should be noted that Wendker (1995) was a useful reference. High resolution data that were highly discrepant due to flux loss or data with high uncertainties (e.g. 450 µm data from di Francesco et al. 2008) were not included. Where uncertainties were not provided, an error of 10 per cent was used in the model fittings and this is indicated by a † . Table C5 . Reference list for the spectral energy distribution data -continued.
